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(54) Large, effective area waveguide fiber 

(57) A single mode optica! waveguide fber having a 
segmented core designed to provide* a large effective 
area for light transmission. Tne large effective area 
reduces waveguide fiber non-Iinearfttes. Tne inventrve 
waveguide is thus suited for transmission of high power ■ 
signals over long distances. Embodimerrrs of the inven- 



tive single mode waveguide inciuding fr^e core seg- 
ments are given, Tne large effective area is achieved 
wfth esserrtialiy no degradation in optical or mechanicaJ 
penormance of the waveguide. 



FIG. 1 
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description 
a ^ckgroLind ' 

The invention relates to a single mode optical 
waveguide fiber having a large effective area, Ab^, for 
"iighrt transmission. The large effective area reduces 
non-itnear optical effects, including setf phase modula- 
tion, four wave mixing, cross phase rroduiation, ar>d 
non-iinear scattering processes, which can cause deg- 
radation of signals in high power systems. In general, a 
mathematical description of these non-iinear effects 
includes the ratio. P/Aeti. where P is optjcal power. For 
example, a non-linear optical effect usually follows an 
equation containing a terrri, exp [PxL^f/A^^, where 
is effective length. Thus, an increase in A^f, produces a 
decrease in the nor^iinear contribotion to the degrada- 
tion of a light signal. 

Tne requirement in the telecommunication industry 
for greater- information capacity over, long distances, 
without regenerators, has led to a reevaluation Oi single 
mode fiber irxiex profile design. 

Tne foojs of this reevaluation has been to provide 
opticaJ waveguides which; 

reduce non-linear effects such as those noted 
above; 

are optimized for the lo^^ver attenuation operating 
wavelength range around 1550 nm: 
are compatible with optical amplifiers; ar>d, 
retain t>e desirable properties of optical 
waveguides such as high strength, fatigue resist- 
ance, and bend resistance. 

A waveguide ffoer. having at least two distirct 
refractive index segments was found to have sufficient 
flexibility to meet arxj exceed the criteria for ^ high per- 
formance waveguide fiber systerru The genera of seg- 
mented core designs are disclosed in detail in U. S. 
patent 4,715.679. Bhagavatula. Species of the profiles 
disclosed in the *67S patent, having properties espe- 
cially suited for particular high performance telecommu- 
nications systems, are disdosed in appiicstians S.N. 
05/323.795 and S.N. 08/287,252. 

Tne presem inverriion is yel another core irrdex pro- 
file species which reduces non-iinear effects and which 
is particularly suited to transmission of high power sig- 
nals over long distances wrthout regeneration. The defi- 
nition of high power and long distance is meaningful 
only in the contexi of a particular ielecomrrzjnication 
system wherein a brt rate, c bi\ error rate, a muitiplexing 
scheme, and perhaps optical arrplrfie'^ are sp.ecrfied. 
Tnere are additional factors, kr>own to those skilled in 
the art, which have impact upon the meaning of high 
power and long distance. However, for most purposes, 
high power is an oplicaJ pcwer greater than about 10 
mw. For example. £ long distance is one in which the 
distance between electronic regenerators can be in 
excess of 1 00 km. 



Constdering the Kerr non-linearities, i.e., seif phase 
modulation, cross phase modulation and four wave mix- 
ing, the benefit of large A^ft can be shown from the 
equation for refractive index. The refractive index of sil- 

5 ica based optica! waveguide fiber is knc>»vn to be non- 
linear with respect to the light electric field. The refrac- 
tive index may be written as, 

n = n o -t- n2 P/Aj,^ , where is the linear refrac- * 
five index. n2 is the non-linear index coefficient, P is light 

70 power transmitted along the waveguide and A^f. is the 
effective area of the waveguide fiber. Because n2 is a 
constant of the nreterial, increase in A^^j is essentially 
the only means for reducing the non-linear contribution 
to the retractive index, thereby reducing the impact of 

75' Kerr type non-lineajitrBS. 

Thus there is a need tor an optical waveguide fiber 
desioned to have a large effective area. Tne window of 
operation of greatest interest at this time is that near 
1550 nm. 

20 Derfinrtioris - Tne effective area is 

A^„ =Zr. (jE ^ r dr) ^/(JE r or) , where the inte- 
gration limits are 0 to «. and E is ti^e eiectric field asso-' 
dated with the propagated lidit. 

An effective diarT>eter. D^h. r^^y be defined as. 

An alpha profile is 

n = n^O -A(r/a)*^) . where no is the refrac-, 

30 five ir>dex at the first point of the aipha index profile. 

A is defined beiow. r is radius, and a is the radius 
measured from the first to the last point of the alpha 
index profile, and r is chosen to be zero at the first ■ 
point of the aipha iridex profile. 

35 - Tne widtii of an index profile segment is the dis- 
tance between two vertical lines drawn from the 
respective beginning and endir>g points of the index 
profile to the horizontal axis of the chart of refractive 
irtdcx vs. radius. 

40 - The % index delta is 

% A = [(n , ^ - n ^ ^)/2n ^] x 1 00 . where 
is a core index and n^ is the clad irvdex Unless oth- 
e-wise stated, n- is the maximum refractive ir>dex in 
the core region characterized by a % A 

45 - A tapered step index profile, is a step index profile 
which has been rr>odrfied by dopam diffusion during 
the waveguide foer manufacturing process. The 
doparrt diffusion causes the substantially right 
angles at the top and bottom of the step to become 

so rounded and the sides of the step to be tapered. 

The amount of diffusion depends upon several var- 
iables including the details of the process steps.and 
upon the initial height and width of the step index 
profile, 

£5 

Tne exact anrpunt of taper is not a crrtica,' determi- 
nant of the waveguide fibe' properties herein discussed. 
Mowe/er. a genera description of degree of taper may 
be given. 
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A sharply tapered step is one in which the width at 
haJf the % A is in the range of about 30 to 50 % of 
• -the base width and the width si 0.9 of the % A is in 
« .the Fange of about 15 to 25 % of the base width. 

• , A moderately tapered step is one in which the width 5 
at halt the % A is in the range of about 50 to SO % of 
the base width and the width a1 0^ of the % A is in 
the range of about 35 to 50 % of the base width. 

The index profiles discussed herein, in genera!, are lo 
in the ranges of sharply or moderately tapered profiles. 
However, the irrv'ention is not limrted to profile segments 
having a particular degree of taper. 



Summary of the Invention 
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This invention meets the need for a waveguide foer 
having an index profile tailored for high performance 
operation in the 1550 nm window while maintaining a 
relatively large effective transmission area, tt is notewor- 20 
thy thai a large effective area is achi^ed whfle main- 
taining good bend resistance, 

A first a^ect of the invention is a single mode 
waveguide fber having an operating range from about 
1500 nm to 1S00 nm. A waveguids designed fo," opera- 25 
tion in this wavelength range may be called a dispe-sion 
shifted waveguide. That is. the zero of total dispersion 
lies in range .of about 1 500 nm to 1 500 nm' 

The waveguide has a core glass region comprising 
at least two segments surrounded by a clad gJass layer so 
of refractive index n^.. The index profiles of the segmerTts 
comprising the core region are tailored to provide an 
effective area of at least 70 microns^. 

In an embodiment of the first aspect, the core 
region comprise three segments. Tne cenrtrai segment 35 
is a tapered step index profile having a maximum % A 
and a width, measured at the base of the step. Tne 
exact amount of taper arx3 the shape of the top of the 
index profile, whether triangular or uneven, is in genera! 
not of crrticai importance. Unless expressly stated oth- 40 
erwise. all widths are measured at the base of a partic- 
ular core segment. This central segment includes an 
irxiex depression on the waveguide cemerline. i.e.. the 
line of symmetry along the long vsavegjide fibs' axis. 
This depression approximates the shape of an inverted <£ 
cone. The centra! depression is due to the well known 
dopant loss by diffusion. K is also well known that proc- 
ess differences can increase or decrease the size of this 
central depression. However, with proper process the 
central depression can be held reiative)y constant tram so 
waveguide to waveguide. In oene^-al. this centra! 
depression is not cyiir>drically symmetric. 

A first annular 'segmenl. adjacent the central seg- 
ment, has a substantiaJly consrarri % a anc' a width. A 
second anrrular segment, adjacent the first annula; se-g- S£ 
meat, has a tapered step index profile and s width. Tne 
geometry and % A range, of each core segmenl. which 
together provide an A^^, greater than about 70 mo-ons^. 
are given in example 1. 



A second embodimerrt of the irrverrton comprises a 
core region having four segments. The cerrtral segment 
has a substantially constant refractive index ar>d a 
radius, A first annular segmenl adjacent the central 
segment, has a tapered step index profile of maximum 
refractive index n-i and a width. A second annular seg- 
ment adjacent the first annular segnrverrt has a sub- 
stantially constant refractive index n2 and a width. A 
third annular region, acfjacent the second, annular 
region, has a tapered step index profile of maximum 
index n3 and a width. The relationship among the 
indexes is n- > n3 > > n^. The detailed description of 
this embodiment is given in example 2. 

A third embodiment of the irrverftion has a core 
region comprising' two segments. Tne cerrtral segment 
is an alpha profile of maximum refractive ir>dex 0^,. Sur- 
rounding this centraJ segment is a segment having a 
substantially constarrt rerfractive irrciex n^ and a width. 
This surrounding segment may also slope from a higher 
innermost % index A n^', to a lower outermost % index 
A. Tne indexes are such thatrio > or n^' > n^. Tne 
central segment may have a centerlrne index depres- 
" sion. due to dopant diffusion, approximating the shape 
of an inverted cone. Exarrple 3 gives the allowed 
ranges of refractive index profile aj>d profile shape. 

A fourth embodiment of the invention comprises a 
core region having four segments. The centra] core seg- 
ment is cyiirhdrically symrr^etrical and has a substantially 
constant refractive index n^, and a radius, 

A first annular s^merrt, adjacent' the centra! core, 
has a tapered sXep index profile of- rr^mum refractive 
ir>dex n^ and a width. A second anriular segment, adja- 
cent tine first annulus. has a substantially constant 
refractive index rij and a width. A third annular segment, 
adjacent the s&zond annulus. has a tapered step index 
profile of m.aximum index n3 and a width. A fourth annu- 
lar segmerrt, adjacent the third annulus, has a substan- 
tially constant refractive ir>dex n^ and a widtii. 

The reJations among the indexes are. n^ > n3 >n^ 2 
n^ and both nj and n^ < n^. The appropriate ranges of 
refractive indexes and profile geometries which yieW an 
Aott greater than 70 microns^ and given in example 4, 

A fifth err±)odiment of the invention comprises a 
core region having three segments. Tne cemral seg- 
ment is an alpha profile having an alpha of about 1 and 
a maximum % A in the range of about D.BO to 0.95 %. 
The radius- of the central segment is in the range of 
about 2.5 to 3.5 microns. A first annular segment, adja- 
cent the central segment, has a substantiaJly constant 
% A substantially equaJ to zero and a width in the range 
of about 3 TO 6 mi-crons. A second annular segment, 
adiacerr. the firs:! annular region, has a tapered step 
indsx. profile of maximum % A in the range of about 0.5 
to 0.5 %. Tne maximum % A of the second annulus is 
located in the range of about 5,5 to 6.5 microns, Tne 
width of the second annulus is in the range of about '1 10 
2 microns, rurtine.' details of this embodiment are found 
in examole 5. 
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Another aspect of the invention is £ waveguide 
fi5)er, designed for use in the wavelength range T500 nm 
ISOO^nm, comprising a core region having at least 
two refractive 'index segments and a surroLBTding dad 
layer. TheTefractivfe index profile is chosen to provide an 
Aofi greater than about 70 microns^ and a zero total dis- 
persion greater than 1560 nm and a dispersion slope 
less than about 0.09 p>s/nrn^-km. 

This remarkable combination of properties may be 
achieved using a refractive index profile such as those 
four>d in se/eral of the exarrples beiow. 

Brief Description of the Drawincs 

RG. 1 is a modeied index profile showing a three 
segment core region and a cerrtrai index depression. 

RG. 2 is a modelled index profile showing a four 
segment core region. 

RG. 3 is a modelled index profile showing a two 
segment core region. 

RG. 3a is a modelled index profile showing a two 
segment core region wherein the second seanerrt has 
a negative slope. 

RG. 4 is a rrxxielled ir>dex profile showing a five 
segmerrt core regbn wherein two of the segments have 
a refractive index lower than the clad refractrve index. 

RG. 5 is a modeled index prof lie showing a three 
segmerrt core region. 

RG. 6 is a chart comparing the caiculaled effective 
diarrieter of the index profile of RG.4 compared to the 
mode field diameter calculated for the p-oflie of RG. 4. 

Detaited Description of the Irrverrtion 

Tne segmented core design has been shown to be 
sufficiently flexible to meet a wide range of waveguide 
fiber specifications as is shown in the patent and paterrt 
applications referenced above. 

Changing the shape and location of the refractive 
index profiles of the segments of a core region, changes 
the mode power distribution of the propagating light and 
the waveguide dispersion. Combining a pre-selected 
waveguide dispersion with a material dispersion allows 
one to obtain a wide range of shapes ard magnitudes 
tor the total or chromatic dispersion of the waveguide. 
Thus, one can change the location of the total disper- 
sion zero or alter the nragnitude or slope of the total dis- 
persion over a pre-seiected waveJength range. 

In addition, changing the mode power distribution 
produces changes in mode field diameter, beno' resist- 
ance and effective area for light tra'nsmission. 

In general, the mode power dismoution a.nd the 
shape of the waveguide dispersion, cannot be changed 
completely indeper>derrtty Tne variables which define 
the segmented core stnjcture must 'be adjusted to 
obtain the best trade off of properties for a given tele- 
communication system application. O; the essentiaily 
infinite number of possible segmented core designs, a 
design is sought which provides the desired values for; 
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zero dispersion wavelength; 
cut off wavelength; 

magnitude and sign of total dispersion for a pre- 
selected wavelength range; 
5 - slope of total dispersion over a pre-selected wave- 
length range; 
effective area; and, 
bend resistance. 

TO ft is assumed that other essential properties such 
as maximum attenuation over a pre-seiected wave- 
length range, fatigue resistance and strength are not 
affected by the core region segmenrted profile. 

The feature of particular impor t ance in the inventive 
75 segmented core waveguide is the effective area of the 
waveguide. As noted .above, increasing effective area 
for transmission^ light, decreases the deleterious non- 
linear effects. 

A series of segmented core designs have been 
20 fourrd. which increase effective area by about ^ % rel- 
ative to waveguides designed for use in the dispersion 
shifted wir>dow, 1 5O0 nm to 1 500 nm. and having anal- 
ogous index profile shapes. In general, the increase in 
Aflff is greater than 40%. 
25 A typically effective area for a dispa^ion shifted 

waveguide is about 50 microns^. Tne irrverrtrve seg- 
mented profiles provide an effective area of at lesst 70 
microns^. As will be seen in the followir>g embodiments, 
the effective area can.be made much larger than 70 
30 microns^ while maintaining acceptable bend resistance. 

The compromise v/hich is made in the index profile 
design irivolves the size and position of tine profile seg- 
ments. A segn>ent h.aving a reiativeJy high maximum 
refractrve index and positioned away from the 
35 waveguide centerline will terxj to broaden the light 
power distribotion, thereby increasing the effective 
transmission area.. Howe/er, as the light power distiribu- 
. tion is broadened, the resistance of the waveguide fiber 
to bend loss decreases. The inventive waveguide fiber 
^ provides good bend resistance and larger 

Example 1 - Three Segmerrt Core 

Tne index profile illustrated in RG. 1 shows a cen- 
4S tral irriex profile 2. which is essentially a tapered step 

index profile, surrourrdea' by a substantially flat profile 

region 4, Tne index depression on the waveguide cen- 

teriine. 5, is due to drtfusion during preform processing 

and is considered a part of tine central index profiie seg- 
50 nSent. The maximum % A 10 m.ay have a value in the 

range of about 0.5 to 0.95 % arvd may be located in a ■ 

radius range of about 1.5 to 2.5 microns 

Tne minimum % A of the cernerfine depression € is 

typically in the range of about 0 to 0.4 %. Region 5 is 
£5 roughly the shape of an inverted cone having a base 

raolus. drawn from the index peak 10 to the centerline. 

of about 1 to 1 .75 microns. 

Tne annuius 4 has a % A of essentially zero and a 

wicrth in the range of about 3,5 to < microns. 
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The annuius 12 has a maximum % A, fi, in the 
* rangfe 'of- abburt 0.40 to 0.55 % and ts locsted in the 
^ radriiS .ranre erf about S.5 to 7.5 microns. The width of 
^nnult^ 12 is in the range of about 1 to 1.7 miorons. ■ 

The properties of this design are:- 5 

A^ff abotrt 75 microns^; 
Dispersion zero about 1552: and 
t£i 1 -C^t off.abD Ut/1590..nrrL, 

70 

The properties of this design can be nxsdffied by 
shifting the location of the center- of segment l.outvsard 
by about 0.15 microns. The properties of the desran 
then are: 



A^tf about 85 microns^; 

Dispersion zero about 1531 nm; and. 

Ui-i f, cut.off about Jl SafS nm.. 

Note that the cut off wavelength is measured on the 
waveguide fiber before cabling. In general, the cabling 
process decreases the cut off wavelength by an amount 
greater than about SOO'nrrv 

Example 2 - Four Segmerrt Core 

The core shown in RG. 2 has segments 14, 15, 18, 
and 20. Segment 14 is a cyiindrically symmetric step 
index profiie of refractive index n^. Annular segment 15. 
. adjacerrt segment 14, has a tapered step index profile of 
maximum refractive index n^. 

Annular segmerrt 18, adjacent annular segment 1 5. 
has a substantially constant* retractive index nj. 

Annular segmerrt 20. adjacerrt annular segment 1 5 
has a tapered step index profile of maximum index rr^. 
The relationship of these indexes are n^ > > n© > 
as can be seen from the figure. 
Segment 14 has a radius no greater than about 1 
micron ar»d a % irxiex A no greater than about 0.4 %. 
Annular segmerrt IS. has a width no greater than about 
2.5 microns and a maximum % index A in the range of 
about 0.5 to 1 %. This maximum occurs at a radius in 
the range of about 1 .5 to 2 microns. 

Annular- segment IB has a width in the range of 
about 2.5 to 4 microns and ^2 is about equal to n^. 

Annular segment 20 has a width in the range of 
about 1 .5 to 2.5 microns ana' s maximum % A in the 
range of about 0.45 to 0.75. This majdrrum occurs at a 
radius in the range of about 5.5 to 7.5 microns. 

The effective area of the core is about 7S microns^ 
as compared to an effective area of about 52 microns^ 
tor siandard dispersion shifted waveguide fber, having 
this segmented core configuration, Tne power distribu- 
tion is shown by line 22. Tne additional effective ares of 
the care index profile shown in RG. 2, relative to stand- 
ard dispersion shitted fber. is a resutt of the higher % A 
of annuius 20, which shifts power away from the 
waveguide center. 
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Referring now to RG. 6. note thai the effective 
diameter, line 50, is larger than the mode field diameter, 
line 52. over the wavelength range of at. least 1200 nm 
to 1 700 nm. This may indicate that Dgf* is more descrip- 
tive of the mode p>ower distribution than is the mode f iekl 
diameter for rerfractive index profiies of this type. 

Examp^le 3 - Two Segment Core 

The two segment core illustrated in RG. 3 has a 
centra! core segment 24, having an alpha profile with 
maximum refractive index n^. 

Annular segment 26, adjacerrt said central seg- 
merrt, has a substarrtiaily constarrt index n^. 

TheTeiatrve magnitudes of the indexes are Hq > n^ 
>n^. 

The central core segmerrt has a radius in the range 
of about 1-75 microns and a % A in the range of about 
0.8 to O.S %. The annular segment has a width in the 
range of about 7.5 to 9.5 microns and a % A in the ranoe 
of about 0.075 to 2 %. Analogous to example 2, the 
effective area of the inventive profile is 75 microrrs^ as 
compared to about £5 microns^ for dispersion shifted 
fiber, h»aving this index profile type. 

25 In this case the effective area is increased by reduc- 

ing the alpha profile radius and by increasing the width 
of the adjacerrt annuius. The power distribution curve 3D 
is higher than that for standard dispersion shitted fiber, 
curve 28, over the radius range from about 2.5 to 8 

30 microrts. 

This index profile can also be modeled including a 
centeriine refractiye index depression, having a rnini- 
mum % A in the range 0 to 0.4 %. and having a shape 
which is essentially an inverted cone having a. base 

25 radius in the range of about 1 to 1.75 microns. Again 
effective area can be increased while maintaining the 
required waveguide fiber properties. 

A further embodiment of this two segment design is 
shown in RG. 3a. In this case the % index A of the annu- 

4o lar segment 31. decreases from about 0.09 % at point 

33, to about 0.05 % at poirrt 35. The properties of the 
index profile of RG. 3a are calculated to be: 

A^^ about 85 microns^; 
45 - C ut off wave lenggrabouM SO Dnmjj.. 

Zero dispersion wavelength about 1552 nm; ar>d. 
Dispe'sion slope about 0.12 ps'nm^-km. 

5rampie4 - Four Segment Depressed Index 

so 

The refractive index profile of RG 4 shows a cyiin- 
drically symmetric centrai segment, 32, having a sub- 
stantially constant "index no. Tne first annuia-f segmsint 

34, adjacerrt segment 32. has a tapered step index pro- 
55 file of maximum refractive index n^. The secorvd annular 

segment 35. adjacent annular segment 34. has a sub- 
stantiaJly cortsiant index r^. 
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. The third annular segment 3S. adjacent anrwiar 
. segment has a tapered step index profile erf maxi- 
mum reSraitjve index 03. 

The fourth annuia'- segment 4D. adjacerrt annular 
segment 38, has a substantially constant irxiex n^. s 

The relationship annong the indexes, as can be 
seen in RG. 4 is n^ > ns > Hq e and both 02 and < 

■He- 

Central segment 32 has a % A in the range of about 
0.1 to 0.1 5 % arrd a radius in the range of about 0.5 to 1 70 
micron. Annular segment 34 has s maximum % A in the 
range of about 0.7 to D.S5 %, located in the radius range 
from about 1.5 to 2.5 microns, and a width in the range 
of 1 to 2.5 microns, 

Annular segment 36 has a substantially constant % is 
A in the range o\ about -0.1 to -0.2 % and a width in the 
range of abo'Jt 3.5 to 4.5 microns. 

Annular' segment 38 has a maximum % A in the 
range of about 0.55 to 0.7 % located in the radius range ■ 
of about 7 to 9 microns and a width in the rar^ge of about 20 
1.75 to 2.5 microns. 

Annular segment 40 has a substarrtiaJly constant % 
A in the range of about -0.1 to -0,2 % and a width in the 
range of about 5 to 7 micrors. 

Tnts index profile is calculated to have an effective zs 
area of about 72.4 microns^ as wed as a aspersion zero 
of about 1 554 nm and a dis persion slo pe of about 0.03 
os/nm^-km. The.LP.-n' cut off .is about 15S4 and the pre- 
dicted bend resistance is good. 

This design cleariy provides a superior waveguide 30 
fiber for use in a high periormance telecommunication 
system using high intensity producing opticai amplifiers 
and waveiength division multiplexing. 

Rexibiirty of this design can be seen from the fol- 
lowing comparative calculations. . 

Segment 34, is made about 0.2 microns wider at 
the base. Segmerrt 36 is made about 0.3 microns wider. 
Segment 38 is m.ade about 0.15 rracrons wider. The 
resulting index profile provides an effective area of 
about 79.5 microns^, a dispersion zero of about 1563 ^ 
nm and a dispersion slope of about O.OS ps/nm^4cm, 
THe^LP-fl cut off is'.162S nsTi7as measured on the unca- 
bled .waveguide foer. As is noted above, the cut off 
waveiength decreases by at least 200 nm in most cable 
designs. -cf 

In a second comparative calculation, segmsnt 32 is 
decreased by about 0.2 microns, segment 3B 
decreased by about 0.15 microns and segment 33 
increased in base width by ah>out 1 micron. The resull- 
ir>c waveguide fiber has an effective area of about 120 so 
microns^, a dispersion zero of 1540 nm and c disper- 
sion slope of 0.1 1 ps/nm^-km. 



Example 5 - Three Segment Core . 

The centra! segmsrrt 42 of RG. 5 has an alpha pro- 
file. £ maximumi % A in the range O.BO to 0.95 % and a 
radius in the range of 2.5 to 2.5 microns. 



The first anr>ular segment 44. adjacent central seg- 
mem 42. has a substantiaDy constant % A essentially 
equal to zero and a width in the range of about 3 to 5 
microns. 

The secord annular segment 46, adjacent, first 
annulus 44. is a tapered step index profile, having a 
maximum % A in the range of 0.5 to O.S %. located at a 
radius in the range of about 5.5 to 6.5 microns. Annular 
segment 46 has a width in the range of 1 to 2 microns. 

The effective area is about 72 microns^ compared 
to the 52 microns^ effective area of a dispersion shifted 
waveguide ir>dex profile having an analogous index pro- 
fae. 

Chaims 

1 . A single mode optical waveguide fiber which 
reduces norv-linear optica] effects and/or is disper- 
sion shifted for use over a wavelength range of 
about 1500 nm to 1500 nm comprising: 

a core region comprising at least two seg- 
menrts. each said segment havir>g a refracuve ir>dex 
profDe: ar>d. 

a clad layer, having refractive irtdex n^, sur- 
rounding said core region; 

said single mode waveguide fiber having a 
centerline which is .the axis of symmetry aiong the 
length of said waveguide fiber; or having a disper- 
sion slope no greater than about :0. 09 psyhrr^-km. 
and a total dispersion zero outside the iimrts from 
about 1 540- pen to 1 557 nm, 

characterized in that said refractive index 
profOes are configured to provide an effective area 
greater than about 70 micror:s^. 

2. The single mode waveguide fiber of claim 1, 
wherein said core region indudes: 

a central tapered step index segment having 
a m»aximum % A in the range of about O.S % to Q. 95 
%. said step index segment having a centerline 
index depression of minimum % A index in the 
range of about 0 to 0.4 %. 

a first amula: segmerrt. adjacent said cen- 
tral segment, having a subs^anrtiaJly constant % A ol 
about 0. and. 

a second annular segmerrt, adjacent said 
first annular ssgmenl. having a tapered step index 
shape and a n-.axjmum % A in the range of about 
0.4D % to 0.55 % 



3. Tne single mode waveguide fiber of claim 2. 
wherein the m^mum % A of said centra! segment 
is locaiei within the radius range of about 1.5 to 2.5 
microns, and the maximum % A of said secord 
££ annular segmert is tocsted within the radius range 
of 5.5 to 7.5 microns, 

wherein the radius to the outer edge of said 
cerrcral segment is in the range of about 1 .75 to 2.5 
microns, and the widths of said first annular seg- 
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ment, and of said second annular segmerrt are in 
the range of at>OLrt 3.5 to 4 microns, arxi 1 tD 1.7 
mic!'q^^s respectrvety, and, 

wherein said cerrterline index depression is 
' ess&Ttialty ari inverted cone having a base radius in s 
the rartge of about 1 to 1.75 microns. 

The single mode waveguide ffoer of claim 1. 
wherein said core region includes: 

a cyiifKlricaliy symmetric step ir>dex central 7a 
segment of refractive index Hq: 

' a first annular segment, adjacerrt said cen- 
tral region, said first segmerrt having a tapered step 
ir>dex profile of maximum refractive index ; 

2 second " annular segmerrt. adjacent said 75 
first annular segment, having a substarrtiaiiy con- 
stant retractive index r\2\ and, 

£ third annular segment, adjacent said sec- 
ond annular segment havirtg s tapered siep index 
profile oi maximum index r\^\. ^ 

wherein n-, > ns > no > nj- 

Tne single mode waveguide fiber of claim 4, 
wherein said centra! region has a radius no greater 
than about 1 micron and a % index A no greater 2S 
than about OA %. 

said first annular segment' has a width no 
greater than about 2-5 microns arxj £ % index A in 
the range of about D.5 to 1 %, 

said second annular segment has a width in 30 
the range of about 2.5 to 4 microns and. 03 is about 
equal to n^, and, 

said third annular segment has a width in the 
range of about 1.5 to 2.5 microns and a % A in the 
range of about 0.45 to 0.75. . 25 

The single mode waveguide fiber of claim 1. 
wherein said core region indudes: 

a central core segn>ent havir>g an alpha pno- 
file with maximum retractive irrdex no; and, ^ 

an annular segment, adjacent said central 
segment having a substarrtialfy constant index n^; 
or having a retractive index wtiich decreases line- 
arly as waveguide radius increases, the maximum 
index of said annular segment having a value n,; <s 

wherein no > n^ > n^. 

The single mode waveguide fiber of claim 5. 
wherein said cemral core segment has a radius in 
the range of about 1.75 microns and a % a in the so 
range of about O.S to 0.9 %: and. 

said annular segmerrt has a width in the 
range of about 7.5 to 3.5 microns and a % A in the 
■ range of about 0.075 to 2 %, 

or wherein the maximum % index A of said ss 
cemral core segmerrt is in the range 0.9% to 1% . 
and has a raolus range in the range cri about ".75 
microns to 2.0 microns, and. 

said annular segrrvent has an % index A 



which decreases substantially iinsarly from about 
0.09%. at a radius in the range of about 1 .75 to 2.0 
microns, to about 0.05 %. at a radius in the range of 
about T 1 .75 to 12 microns. 

or wherein said central segment has a % A in 
the range of about .5 to 1 .5% and a radius in the 
range of about 0.5 to 1 micron, 

said first annular segment has a maximum 
% A in the rar>ge of about 0.7 to 0.B5 %, located in 
the radius range from about 1 .5 to 2.5 microns, and 
a width in the range of 1 to 2.5 microns. 

sakd second annular segment has an sub- 
. starrtiaJIy constant % A in the range of about -0.1 to 
-0.2% and a width in the range of about 3,5 to 4.5 
microns, 

said third annular segmem has a maximum 
% A in the range of about 0.55 to 0.7 % located in 
the radius range of about 7 to 9 microns arKJ a width 
in the range of about 1.75 to 2.5 microns. ar>d; 

said fourth annular segmerrt has a substan- 
tiatfy constant ■% A in the range of about -0.1 to - 
0.2% arKj a. wvdth in the range of about 5 to 7 
microns, 

optionally, said centra! segment having an 
index depression on cerrtertine, substantially the 
shape of an inverted cone. 

B, The single mode waveguide fiber of claim 7 sab' 
centeriine retractive irxjex depression having a min- 
imum % A in the range- 0 to 0.4 % and having s 
shape which is essent'taliy an inverted cone having 
a base radius in the rar>ge of about 1 to 1.75 
microns. 

9. The single mode waveguide fber of any one of 
dain-ts 1-8. wherein said core region includes : 

a cyiindricaliy symmethc central segmerrt 
having substantially constant index rvoi 

a first annular segnr>ent. adjacent said cen- 
tra! segment, having a tapered step irxdex profile of 
maximum refractive index n^: 

a secorKJ annula" segment, adjacerrt said 
first annular segment having a substarrtiaiiy con- 
starrt ir>dex r^: 

a third annular segment adjacent said sec- 
ond annular segment, having a tapered step index 
orofile of maximum refractive index r^', and, 

a fourth, annular segmerrt. adjacent said third 
annular segment, having a substantially cor^stant 
index n^: 

wherein, n- > n3 > no a ri^ and both and 
n^ < n^. 

10, The single mode waveguide fber of any one of 
claims 1-9. wherein said core region includes: 

a central segment having an alpha profile 
and a m.aximum % A in the range O.BO to 0.35 % 
arxi a radius in the range of 2.5 to 3.5 microns; 

a first annular segmerrt. adjacent said cen- 
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traJ segment, having a substantiaUy constant % A 
* essentiajly equa| to zero and a wkith in the range of 
\ abpyV 3 to 5 microns; and, 

a second annular segment adjacent said 

first annulus, having a tapered step index profile 5 

and a maximum % A in the range o^ D.5 to 0.5 %, 

said maximum % A located at a radius in the range 
. of about 5.5 to 6.5 microns, said second annular 

segment having a width in the range of 1 to 2 

microns. ^o 
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